Shedding of the extracellular domain of cytokine receptors allows the diffusion of soluble receptors into the extracellular space; these then bind and neutralize their cytokine ligands, thus dampening inflammatory responses. The molecular mechanisms that control this process, and the extent to which shedding regulates cytokine-induced microvascular inflammation, are not well defined. Here, we used real-time confocal microscopy of mouse lung microvascular endothelium to demonstrate that mitochondria are key regulators of this process. The proinflammatory cytokine soluble TNF-a (sTNF-a) increased mitochondrial Ca 2+ , and the purinergic receptor P 2 Y 2 prolonged the response. Concomitantly, the proinflammatory receptor TNF-a receptor-1 (TNFR1) was shed from the endothelial surface. Inhibiting the mitochondrial Ca 2+ increase blocked the shedding and augmented inflammation, as denoted by increases in endothelial expression of the leukocyte adhesion receptor E-selectin and in microvascular leukocyte recruitment. The shedding was also blocked in microvessels after knockdown of a complex III component and after mitochondria-targeted catalase overexpression. Endothelial deletion of the TNF-a converting enzyme (TACE) prevented the TNF-a receptor shedding response, which suggests that exposure of microvascular endothelium to sTNF-a induced a Ca 2+ -dependent increase of mitochondrial H 2 O 2 that caused TNFR1 shedding through TACE activation.
Introduction
Although inflammation initiates as a defensive response against pathogenic stimuli, progression to severe inflammation leads to tissue injury. In the short term, severe inflammation causes lifethreatening edema in critical organs such as the lung and brain. In the longer term, inflammation associates with multiple diseases including vascular plaque formation in atherosclerosis, malignant transformation, chronic obstructive pulmonary disease, and fibrotic diseases of the lung, liver, and kidney (1) (2) (3) (4) (5) . There is therefore considerable interest in understanding mechanisms that regulate progression of the inflammatory process from defense to injury.
Ectodomain shedding of cytokines and cytokine receptors plays a major role in establishing this balance, as exemplified by the cytokine receptor TNF-α receptor-1 (TNFR1), which is critical to inflammatory progression (6, 7) . The process initiates with TNFR1 ligation by soluble TNF-α (sTNF-α), plasma levels of which rise during inflammation (8, 9) . A signaling cascade results, leading to NF-κB activation and proinflammatory gene transcription (10) as well as activation of the cell surface metalloprotease TNF-α converting enzyme (TACE; ref. 11 ). Also referred to as a disintegrin and metallopeptidase domain 17 (ADAM17; ref. 12) , TACE cleaves TNFR1. The TNFR1 ectodomains released in the extracellular space chelate sTNF-α, providing negative feedback to the TNF-α-induced inflammatory loop (13) . Pathogenic bacteria, including Chlamydia trachomatis, Neisseria meningitides, and Staphylococcus aureus, have evolved TNFR1 shedding mechanisms as a strategy for circumventing the host immune response (14) (15) (16) .
The role of mitochondria in these inflammatory events requires consideration. sTNF-α increases production of mitochondrial H 2 O 2 (17) that could activate TACE by oxidizing cysteine thiols in the TACE prodomain (18) . Mitochondrial superoxide dismutase catalyzes the dismutation of superoxide produced in the electron transport chain (ETC) to H 2 O 2 . The site of superoxide production in the ETC depends on the cell type, being predominantly at complex I in skeletal muscle and neural cells (19) , but at complex III for vascular smooth muscle cells (20) , ECs (21) , and alveolar epithelial cells (22) . Mitochondrial H 2 O 2 diffuses across the mitochondrial outer membrane to access cytosolic targets, causing multiple functional outcomes, including mechano-oxidative coupling (23) , insulin resistance (24) , stabilization of hypoxia-inducible factor-1α (20) , and tissue factor production (25) . However, the role of mitochondrial H 2 O 2 in endothelial TNFR1 shedding remains unclear.
The vascular endothelium is a major regulator of inflammation. Many acute inflammatory diseases result from inflammation in microvascular beds, in which endothelial activation causes transcriptional expression of leukocyte adhesion receptors such as E-selectin (26) . Endothelia of both large and small blood vessels express TNFR1 (27) , which is critical to this process, as indicated by the fact that inflammation is abrogated in mice lacking TNFR1 (6) . Endothelial TNFR1 shedding has been demonstrated in cultured human umbilical vein ECs (28) and in ECs incubated with
Figure 1
Lung microvessels shed TNFR1 ectodomains. (A) Confocal images showing endothelial fluorescence in microvessels infused with calcein (5 μM, 20 minutes) or the anti-TNFR1 mAb MCA2350 (40 μg/ml, 5 minutes). Images were obtained 30 minutes after infusion with buffer or 0.01% TB. The image at right was obtained from a separate vessel 30 minutes after labeling for TNFR1. Alv, alveolus; Lum, microvascular lumen. Scale bar: 50 μm. (B and C) Endothelial TNFR1 fluorescence in microvessels infused with buffer control or sTNF-α (1 ng/ml) for 10 minutes. Scale bar: 25 μm. (D) Line-scan analyses of endothelial immunofluorescence in vessels given buffer control, goat IgG, sTNF-α, or sTNF-α in the presence of TNFR1 blocking mAb E20 (40 μg/ml). n = 4 per group per time point. *P < 0.05 versus control. (E and F) Effects of TACE (E) and LPS (F) on sTNF-α-induced TNFR1 shedding in microvessels. Data were obtained 1 hour after intratracheal instillation. TAP, TAPI-1 (50 μM); LPS (1 mg/kg). *P < 0.05 versus control; # P < 0.05 versus sTNF-α. (G) IB of lysates of lung tissue (replicated 3 times). (H and I) TNFR1 surface expression in primary isolates of ECs (red boxes denote vWF-positive cells) derived from lungs treated as indicated.
microparticles from atherosclerotic plaques (29) . However, it is not known whether microvascular endothelium in situ sheds TNFR1 and whether the shedding regulates the inflammatory process.
In myeloid cells, TNFR1 shedding commences in minutes (30) , which suggests the involvement of rapidly activated signaling mechanisms attributable to second messengers such as Ca 2+ . The optically imaged lung provides an excellent platform for in situ studies of endothelial second messengers (17, 23) . We took advantage of this approach to determine the role of endothelial Ca 2+ as a determinant of endothelial TNFR1 shedding in microvessels. We tested this hypothesis by exposing lung microvascular endothelium to blood levels of sTNF-α occurring in sepsis (8, 9) . Our findings indicate that sTNF-α causes endothelial TNFR1 ectodomain shedding through release of mitochondrial H 2 O 2 , implicating mitochondria as regulators of the inflammatory response.
Results
Receptor shedding. To detect surface expression of TNFR1 on ECs in situ, we determined microvascular immunofluorescence using mAb MCA2350, which binds extracellular TNFR1. TNFR1 fluorescence colocalized with an endothelial cytosolic marker (Figure 1A) and was stable for at least 1 hour (data not shown). The membrane-impermeable fluorescence quencher trypan blue (TB) abolished the fluorescence ( Figure 1A ), which affirmed that the immunofluorescence was on the endothelial surface. A 10-minute infusion of human sTNF-α initiated fluorescence loss that continued well after the end of sTNF-α infusion ( Figure 1C ) and was concentration dependent (Supplemental Figure 1A ; supple-mental material available online with this article; doi:10.1172/ JCI43839DS1). Buffer infusion was without effect ( Figure 1B ). Coinfusion of mAb E20, which blocks TNF-α binding to TNFR1 (31), inhibited the fluorescence loss ( Figure 1D ), ruling out nonspecific effects. Responses caused by TNF-α receptor 2 (TNFR2) can be ruled out, since mAb E20 is specific for TNFR1, and human sTNF-α does not ligate mouse TNFR2 (32) .
We considered the role of TACE, the proteolytic enzyme that cleaves surface TNFR1 on leukocytes (11) . Since it is not known whether TACE cleaves TNFR1 in lung microvessels, we used the EC-specific TACE-deleted (EC-Tace -/-) mouse (33) . sTNF-αinduced TNFR1 shedding was completely blocked in EC-Tace -/mice, but not in Tace fl/fl floxed mice ( Figure 1E ). TNF-α-processing inhibitor-1 (TAPI-1), which inhibits TACE, also inhibited sTNF-αinduced shedding ( Figure 1E ). These findings affirmed that sTNF-α-induced fluorescence loss resulted from TNFR1 shedding through activation of endothelial TACE.
We determined microvascular immunofluorescence of TNFR1 in a mouse model of pneumonitis established by instilling intratracheal LPS. In WT mice, but not in Tnfa -/mice, LPS markedly decreased microvascular TNFR1 expression compared with intratracheal instillation of control buffer ( Figure 1F ). These findings affirm that LPS caused TNF-α-dependent, microvascular TNFR1 shedding.
To determine global lung responses, we gave 10-minute intravascular infusions of sTNF-α through the main pulmonary artery. After 30 minutes, we homogenized the lungs and performed IB on lysates of lung tissue using mAb E20 that recognizes cytosolic TNFR1. Shedding of the TNFR1 ectodomain leaves a 27-kDa
Figure 2
Lung microvascular endothelium does not internalize TNFR1. Lung microvessels were sequentially infused with red fluorescent calcein red (5 μM, 20 minutes), then (A-C) green fluorescent FITC-conjugated albumin (5%, 10 minutes) or (D-F) green fluorescent sTNF-α-488 (1 ng/ml, 10 minutes). Each infusion was followed by buffer infusion for a further 20 minutes, then by TB. Scale bars: 25 μm. Colocalization of red and green fluorescence is indicated by yellow pseudocolor in the microvessel (B) and in the high-power image of the boxed region showing a single EC (C). Note the lack of colocalization for sTNF-α (F and G). *P < 0.05 versus calcein. n = 4 per group.
cytosolic fragment (34) . The appearance of this fragment in WT and Tace fl/fl mice, but not in Tace -/mice, confirmed that the receptor's ectodomain was shed. The continued presence of the 55-kDa band in sTNF-α-treated lungs ( Figure 1G ) indicated that nonendothelial TNFR1 -as, for example, that expressed in alveoli (31) -was not shed, probably because the infused sTNF-α did not access TNFR1 at all lung sites. Flow cytometry of ECs, identified as the vWF-positive fraction in primary cell isolates from lung vessels, revealed loss of TNFR1 ( Figure 1 , H and I), affirming that the shedding response occurred in the lung as a whole. Internalization versus shedding. To distinguish between receptor internalization and receptor shedding, each of which could underlie the loss of TNFR1 fluorescence, we determined endothelial uptake of the fluorescent TNFR1 ligand Alexa Fluor 488-conjugated sTNF-α (sTNF-α-488). We normalized fluorescence of sTNF-α-488 against the cytosolic fluorescence of calcein red. As a comparison, we determined uptake of FITC-conjugated albumin (FITC-albumin), which is internalized by endothelium (35) . As expected, infusion of FITCalbumin increased green fluorescence of the endothelial lining ( (Figure 2 , B, C, and G) confirmed that the infused FITC-albumin was taken up by the endothelium. In contrast, the immediate postinfusion fluorescence of sTNF-α-488 on the endothelial lining was quenched by TB ( Figure 2 , D and E), confirming binding of the ligand to extracellular TNFR1. However, sTNF-α-488 did not colocalize with calcein ( Figure 2F ), which indicates that the ligand was not internalized. sTNF-α-488 fluorescence decreased with a time course similar to that of TNFR1 fluorescence (Supplemental Figure 1 , B and C). Together, these findings indicate that ligated TNFR1 was shed and not internalized.
Ca 2+ responses. Quantifications of endothelial Ca 2+ in the endothelial cytosol and mitochondria indicated that sTNF-α increased mean Ca 2+ as well as the amplitude of Ca 2+ oscillations at both sites ( Figure  3 , A-C). Ligation of TNFR1 releases inositol-1,4,5-triphosphate (IP 3 ; ref. 36 ). Ligation of IP 3 receptors on the ER releases ER Ca 2+ to the cytosol. Ca 2+ uptake by the ER and mitochondria causes cytosolic Ca 2+ oscillations and mitochondrial Ca 2+ increases (37) . Consistent with these concepts, the mitochondrial Ca 2+ uptake inhibitor ruthenium red (RR), which we and others have shown to be membrane permeable (23, 38) , blocked only the mitochondrial responses, whereas the IP 3 receptor antagonist xestospongin C (XeC) abolished all responses (Figure 3 , C-E). These findings confirmed that the cytosolic Ca 2+ transients were upstream of the mitochondrial Ca 2+ responses. Importantly, inhibition of the mitochondrial Ca 2+ increase completely blocked the loss of endothelial TNFR1 fluorescence (Figure 3F) , affirming a mitochondrial role in TNFR1 shedding.
A consistent feature was the prolonged duration of the Ca 2+ responses that persisted for up to 1 hour, lasting well beyond the 10-minute sTNF-α infusion. Since increase of mitochondrial Ca 2+ increases ATP production by the ETC (39), and since ATP is secreted (40), we considered the role of the purinergic receptor P 2 Y 2 (encoded by P2Y2). In P2Y2 -/mice, both cytosolic and mitochondrial Ca 2+ oscillations were augmented during sTNF-α infusion, as in WT mice. However, the prolonged oscillations were completely inhibited ( Figure 4 ). In contrast, no inhibition occurred in P 2 Y 1 receptor-deficient P2Y1 -/mice ( Figure 4 ), which indicates that the P 2 Y 2 receptor was responsible for the prolonged Ca 2+ responses.
Mitochondrial ROS. To determine whether the increased mitochondrial Ca 2+ augmented mitochondrial ROS production (23), we expressed the fluorescent protein roGFP (see Methods) in lung microvessels. We confirmed the expression through IB of lung tissue and fluorescence imaging of lung microvessels ( Figure 5A To determine the mitochondrial role in ROS production, we infused microvessels with the mitochondria-specific antioxidant MitoQ (41) , which consists of the lipophilic triphenylphosphonium
Figure 4
Purinergic receptors are required for sustained sTNF-α-induced endothelial Ca 2+ oscillations. Traces from single microvessels and group data show responses in lung microvessels of WT, P2Y2 -/-, and P2Y1 -/mice. *P < 0.05 versus baseline, # P < 0.05 versus 5 minutes after sTNF-α. n = 4.
(TPP) cation bound to the antioxidant ubiquinol. The negative mitochondrial potential localizes the cationic compound to mitochondria, where the MitoQ complex undergoes oxidation reduction reactions. In MitoQ-treated microvessels, the sTNF-α-induced decrease of roGFP fluorescence was completely blocked ( Figure 5 , B and C), which indicates that MitoQ blocked ROS production. As a positive control, we confirmed that exposure to H 2 O 2 decreased the fluorescence ( Figure 5 , B and C). The inhibition by MitoQ indicated that the ROS were of mitochondrial origin.
In microvessels in which we detected ROS by the dichlorofluorescein (DCF) method, the mitochondrial role was further affirmed: the sTNF-α-induced DCF response was completely blocked by pretreating vessels with the mitochondrial complex I inhibitor rotenone (Supplemental Figure 4, A and B ). The ROS response was not inhibited in microvessels treated with the flavoprotein inhibitor diphenylene iodonium or the eNOS antagonist rotenone (G)-nitro-l-arginine methyl ester (l-NAME), which indicated that the DCF responses were specific to ROS. Further, the ROS response was not inhibited in microvessels of Nox2 -/mice (Supplemental Figure 4C ), ruling out a role for this NOX isoform.
To identify the ROS, we overexpressed the H 2 O 2 hydrolyzing agent catalase targeted to mitochondria and the cytosol (mCAT and cCAT, respectively; Supplemental Figure 5 , A-D). We used DCF fluorescence as the ROS reporter. In microvessels expressing these catalases, the sTNF-α-induced ROS increases were completely inhibited ( Figure 5D ), whereas no inhibition occurred with the empty vector (data not shown). The inhibition by mCAT indicated that ROS fluorescence was caused by mitochondrial H 2 O 2 . The inhibition by cCAT indicated that H 2 O 2 diffused from mitochondria to the cytosol. The similar inhibitions of ROS by mCAT and cCAT indicate that overexpression of catalase at either site was sufficient to reduce all of the H 2 O 2 in the cell. In microvessels of WT mice treated with MitoQ or expressing mCAT or cCAT, TNFR1 shedding was abrogated, whereas shedding was not blocked in microvessels of Nox2 -/mice ( Figure 5E ). sTNF-α-induced mitochondrial Ca 2+ increases were not affected by MitoQ treatment or mCAT overexpression (Supplemental Figure 3) , ruling out the possibility that these treatments blocked the sTNF-α-induced mitochondrial Ca 2+ response.
The Rieske iron sulphur protein (RISP) of mitochondrial complex III is a major source of mitochondrial ROS in lung cells (20) . To determine the role of RISP in the present responses, we intravenously injected mice with fluorophore-labeled siRNA against RISP (siRISP) complexed with cationic liposomes. These procedures did not increase endogenous sTNF-α in blood or in the BAL, and leukocyte BAL counts were unchanged (Supplemental Figure 6 , B and C), affirming that the liposome-siRNA treatment did not cause detectable innate immune responses (42) . At 2 days after injection, in mitochondrial fractions of lung ECs or lung tissue lysates, RISP was markedly lower in siRISP-treated lungs than in those treated with scrambled siRNA (scRNA; Figure 6 , A and B, and Supplemental Figure 6A ). Although a faint RISP band was present in the nonmitochondrial membrane fraction ( Figure 6B ), there was no knockdown of this band, which suggests it was caused by nonspecific binding by the IB antibody. No RISP band was present in the cytosolic fraction ( Figure 6B ). In isolated lung mitochondria, RISP knockdown decreased rates of both ATP production and O 2 consumption ( Figure 6 , C and D, and Supplemental Figure 6D ). The mitochondrial uptake of a potential-sensitive dye was similar in siRISP-and scRNA-treated lungs (Supplemental Figure  6E) , consistent with reports that the present ATP decrease does not change the mitochondrial membrane potential (43) . siRISP fluorescence in microvessels was patchy: fluorescence was bright in some regions, but relatively dim in others ( Figure 6E ). After sTNF-α infusion, siRISP-expressing microvessels showed sustained TNFR1 fluorescence ( Figure 6 , F and H), which indicates that RISP knockdown abrogated the shedding response. In contrast, the infusion induced loss of TNFR1 fluorescence in scRNAexpressing microvessels ( Figure 6 , G and H), which indicates that shedding was present in these vessels. We interpret that knockdown of mitochondrial RISP protected against TNFR1 shedding; this is the first evidence to our knowledge that mitochondrial RISP determines ectodomain shedding of a proinflammatory receptor.
In one experiment, we took advantage of the uneven siRISP expression in different microvessels in order to determine whether blockade of TNFR1 shedding was also uneven. At baseline, there was no correlation between siRISP and TNFR1 fluorescence (Supplemental Figure 7A ), which indicates that RISP knockdown did not affect the expression of unligated TNFR1. In contrast, sTNF-α infusion induced a strongly positive correlation between the expression levels of RISP and TNFR1 (Supplemental Figure 7B ), which indicates that sites of high siRISP expression were also sites at which TNFR1 shedding was blocked. These findings affirm that the extent of mitochondrial RISP expression determined the extent of TNFR1 shedding.
To assay TACE expression in the alveolo-capillary region, we determined immunofluorescence of the TACE extracellular domain by injecting fluorescent antibodies by alveolar or microvascular micropuncture. At baseline, TACE immunofluorescence was well developed on both alveolar epithelium and microvascular endothelium in Tace fl/fl mice ( Figure 7A ). However, in EC-Tace -/mice, TACE fluorescence was absent on the endothelium, although VE-cadherin fluorescence (positive control) was present ( Figure 7A ). In EC-Tace -/mice or in microvessels given TAPI-1 infusion, the sTNF-α-induced cytosolic and mitochondrial Ca 2+ and ROS responses were enhanced (Figure 7, B-D) . These findings indicate that sustained expression of TNFR1, resulting from inhibition of TNFR1 shedding, caused enhanced sTNF-α-induced Ca 2+ and ROS responses. We interpret these findings to suggest that ligation of TNFR1 by sTNF-α led to TACE activation by mitochondria-derived H 2 O 2 .
Leukocyte recruitment. To assess inflammatory responses, we determined microvascular expression of the leukocyte adhesion receptor E-selectin. Although not present at baseline, E-selectin fluorescence was clearly evident 2 hours after the 10-minute sTNF-α infusion (Figure 8, A and B ). This response was diminished in P2Y2 -/mice ( Figure 8D ), which indicates that the P 2 Y 2 receptor played a role in inducing endothelial E-selectin. The sTNF-α infusion also increased microvascular leukocyte adhesion in 2 hours (Figure 9 , A-C). Both E-selectin expression and leukocyte adhesion responses were markedly enhanced in microvessels treated with siRISP or with inhibitors of mitochondrial electron transport (Figure 8 , A-D, and Figure 9C ). These findings indicate that inhibitors of mitochondrial function blocked the inflammatory responses.
Discussion
sTNF-α caused rapid TNFR1 shedding in lung microvessels, providing the first evidence to our knowledge that ECs in situ shed the receptor. Injection of sTNF-α also increased endothelial cytosolic Ca 2+ , mitochondrial Ca 2+ , and mitochondrial ROS. These responses confirm our previous findings in which IP 3induced increase of cytosolic Ca 2+ sequentially caused the mitochondrial responses, independently of external Ca 2+ (17, 23) . We now report that TNFR1 shedding was blocked after inhibition of mitochondrial Ca 2+ by RR or inhibition of ROS by mitochondrial RISP knockdown. Overexpression of mCAT, which hydrolyzes H 2 O 2 , also blocked the shedding. These findings indicate that H 2 O 2 is the ROS responsible for the shedding and that mitochondrial Ca 2+ increase is upstream of H 2 O 2 production. Together, our previous (17, 23) and present findings suggest that mitochondrial Ca 2+ increase caused RISP-induced ROS production in microvessels, leading to endothelial TNFR1 shedding. Our results indicate that an inflammatory response occurred despite TNFR1 shedding. Thus, the sTNF-α-treated microvessels expressed endothelial E-selectin. Induction of E-selectin, which is not normally expressed by microvessels, indicates that sTNF-α caused proinflammatory transcription (44, 45) that might have been induced by the increase in cytosolic Ca 2+ (46, 47) . Microvascular leukocyte recruitment was also evident, occurring possibly as a consequence of increased E-selectin expression. Notably, when we blocked mitochondrial Ca 2+ and ROS production, TNFR1 shedding was blocked. Consequently, endothelial TNFR1 expression was sustained, resulting in a stronger inflammatory response. This was indicated by enhanced E-selectin expression and leukocyte recruitment. To our knowledge, these findings provide the first evidence for a signaling sequence in which mitochondrial inhibition enhances the inflammatory response to sTNF-α ( Figure 10 ). We propose that TNFR1 shedding by mitochondrial H 2 O 2 protects against progression of inflammation.
The Ca 2+ increases occurred in 2 phases: first as an initial phase during the 10-minute sTNF-α infusion, and then as a prolonged phase that persisted for up to 1 hour, even after the infusion had stopped. Increase of mitochondrial Ca 2+ activates mitochondrial dehydrogenases, increasing ATP production by the ETC (37) . ECs secrete ATP, which ligates the P 2 Y 2 receptor to induce IP 3 -dependent cytosolic Ca 2+ increases (40, 48) . Here, lack of the P 2 Y 2 receptor, namely in P2Y2 -/mice, blocked the prolonged phase of Ca 2+ oscillations, but not the initial phase. Concomitantly, the induced E-selectin expression was also markedly suppressed. Although the P 2 Y 2 receptor has been implicated in leukocyte recruitment (49) , to our knowledge, underlying signaling mechanisms have not been defined. Our findings indicate that by prolonging microvascular Ca 2+ oscillations, the P 2 Y 2 receptor critically regulates the inflammatory response.
Endothelial TACE (12) has previously been implicated in pathological neovascularization (33) . Our findings are suggestive of a new role for endothelial TACE, namely as a determinant of the microvascular inflammatory response. Under inflammatory conditions in which leukocytes adhere to ECs, endothelial ectodomain shedding could potentially be activated by proteases on the leukocyte surface (50) . Definitive exclusion of this possibility was achieved by the availability of mice carrying floxed alleles of Tace and a Cre recombinase expressed in ECs (Tie2-Cre). Although mice lacking TACE die in the perinatal period (51), EC-Tace -/mice survive to adulthood, expressing no obvious developmental abnormalities (33) . In these adult EC-Tace -/mice, there was no sTNF-α-induced TNFR1 shedding, which indicates that the shedding was entirely regulated by endothelial TACE. TACE activity is enhanced by oxidation of cysteine thiol groups in its disintegrin/cysteine-rich region (18) . A proposed mechanism of TACE activation is that proinflammatory second messengers such as ROS (52, 53) and NO (54) disrupt the thiol-zinc linkage, resulting in shedding of TACE substrates such as TNFR1 (55) . Consistent with this proposal, we found that after infusion of MitoQ (41) or overexpression of cCAT or mCAT, TNFR1 shedding was blocked. These findings, taken together with the considerations discussed above, indicate that sTNF-α-induced mitochondrial H 2 O 2 activated TACE to establish the shedding responses.
Loss of TNFR1 from the cell surface could be due to shedding or cellular internalization. Cultured ECs grown in static media internalize shed TNFR1 ectodomains (56) . However, in an in situ assay that we believe to be novel, we failed to detect any evidence for endothelial internalization of the TNFR1 ectodomains, although our assay successfully detected albumin internalization, thereby ruling out nonspecific errors. Extracellular release of TNFR1 ectodomains was also indicated in flow cytometry and IB analyses of primary vascular cell isolates recovered from sTNF-α-treated lungs. We conclude from these findings that in the presence of blood flow, which is likely to wash out cleaved proteins from the endothelial surface, shed ectodomains are not internalized by microvascular endothelium.
Redox studies in vivo have been hampered by nonspecificities attributable to pharmacological inhibitors and fluorescein-based dyes. In cultured cells, the ROS-sensitive protein roGFP provides
Figure 9
Mitochondrial mechanisms determine sTNF-α-induced microvascular leukocyte recruitment. (A and B) Low-(A) and high-magnification (B) confocal images show leukocytes (red) adherent to lung endothelium (green). Lungs were infused as indicated with buffer control or sTNF-α for 10 minutes. Images were obtained after 2 hours. Arrow denotes adherent leukocytes at a microvessel branch-point. Scale bars: 50 μm (A and B, top); 25 μm (B, bottom). (C) Number of adherent leukocytes per lung, determined as the average for 5 regions viewed at low magnification. Rotenone (1 μM). *P < 0.05 versus control; # P < 0.05 versus sTNF-α; † P < 0.05 versus scRNA. n as indicated. specific quantification of cytosolic H 2 O 2 (57) . In its first in vivo application to our knowledge, we expressed the roGFP-encoding construct in microvessels. In roGFP, engineered cysteines form a disulfide crosslink between β strands adjacent to the chromophore in GFP (58) . Specificity of the probe as an oxidant reporter is attributable to the fact that cysteine oxidation causes structural, hence spectral, changes. Our validation studies confirmed that roGFP was a reliable indicator of H 2 O 2 for in situ determinations. In addition, we selectively overexpressed catalase in the mitochondria or the cytosol. These approaches, including the RISP knockdown with siRNA, provided specific strategies for addressing mitochondrial redox responses in vivo.
The clinical significance of our findings bears on the emerging importance of mitochondria in inflammatory disease. Here, we show that TNFR1 shedding, an antiinflammatory effect, occurred in a TNF-α-dependent manner in lung microvessels as well as in LPS-treated lungs. To the extent that endothelial mitochondria are responsible for the shedding response, as we show here, loss of mitochondrial function might be proinflammatory. Inflammatory conditions such as sepsis cause loss of lung mitochondrial function, as demonstrated by decreased lung ATP (59, 60) . Our findings indicate that in such conditions, therapy aimed at restoring endothelial mitochondrial function might protect against the deleterious effects of increasing inflammation.
Methods

Fluorophores
DCF (2′,7′-dichlorodihydrofluorescein diacetate), fluo-4 AM, rhod-2 AM, calcein red AM, calcein green AM, and FITC-conjugated albumin were purchased from Invitrogen.
Antibodies
RISP mAb was purchased from Invitrogen. TNFR1 blocking antibody E20 (17, 31) , and antibodies against E-selectin (H300), TACE (extracellular epitope; H170), GFP, catalase, α-tubulin, and voltagedependent anion channel (VDAC; C20) were purchased from Santa Cruz. Antibodies E-selectin (extracellular epitope), VE-cadherin (rat anti-mouse), α-actin, and vWF were purchased from BD Biosciences. mAb MCA2350 against the TNFR1 extracellular epitope was purchased from AbD Serotec. For flow cytometry and in situ immunofluorescence studies, supplier-recommended nonimmune IgG controls were used. TNF-α levels in BAL and plasma were assayed in duplicate by ELISA (eBiosciences) per the manufacturer's specifications.
Agents
RR, XeC, human recombinant sTNF-α, LPS, l-NAME, dithiothreitol, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP), and TB were purchased from Sigma-Aldrich. TAPI-1, saponin, and diphenylene iodonium were purchased from Calbiochem. MitoQ and negative control agent decyl TPP were provided by M.P. Murphy (University of Cambridge, Cambridge, United Kingdom). Antibodies and TNF-α were fluorescently labeled with Alexa Fluor 633 and Alexa Fluor 488 using standard protocols. 
Animals
Lung preparation
Lungs were prepared according to our previously reported methods (61) . Briefly, mice were anesthetized (ketamine-xylazine), and lungs were excised en bloc. Lungs were continuously pump-perfused with autologous blood (final hematocrit, 10%) diluted in HEPES (150 mmol/l Na + , 5 mmol/l K + , 1.0 mmol/l Ca 2+ , 1 mmol/l Mg 2+ , and 20 mmol/l HEPES at pH 7.4) containing 4% dextran (70 kDa) and 1% fetal bovine serum at pH 7.4 and osmolarity of 295 mosM at a rate of 0.5 ml/min at 37°C. Lungs were constantly inflated through an airway cannula at airway pressure of 5 cmH2O. Pulmonary artery and left atrial pressures were held at 10 and 3 cmH2O, respectively. The lung surface was moistened with saline and covered with Saran Wrap during imaging to prevent drying. For assay of leukocyte adhesion, we enriched the lung perfusate with 2.5 × 10 5 cells/ml of fluorescently labeled (calcein red) leukocytes (62) for 30 minutes followed buffer wash for 20 minutes to remove nonadherent leukocytes. Leukocytes were counted in each lobe of the lung from images taken with a ×10 objective.
Figure 10
Sequence of events underlying sTNF-α-induced TNFR1 shedding in lung endothelium. Ligation of TNFR1 by sTNF-α (i) leads to IP3-induced store release of Ca 2+ (ii), resulting in increase of cytosolic Ca 2+ (iii), increase of mitochondrial Ca 2+ (iv), and RISP-dependent ROS generation at complex III (v). Elevation of cytosolic Ca 2+ leads to E-selectin expression and leukocyte recruitment (vi). Release of ATP ligates the P2Y2 receptor and potentiates the cytosolic Ca 2+ increase (vii). ROS-dependent activation of TACE (viii) limits further sTNF-α signaling by stimulating ectodomain shedding of TNFR1.
Imaging
Live fluorescence imaging was carried out using our previously described methods (23) . Briefly, microvessels were fluorescence loaded by 20-minute infusions of fluorophores given in the lung perfusion, followed by a 10-minute buffer wash. Microvessels were viewed by confocal microscopy (LSM 5; Zeiss). Ca 2+ responses were recorded at 1 image/10 seconds and DCF at 1 image/30 seconds. The longer interval prevented dye photoactivation. To rule out potential errors attributable to local changes in cell volume, fluorescence of Ca 2+ and ROS-sensitive dyes was normalized against fluorescence of a soluble cytosolic dye (calcein or calcein red). In all experiments in which more than 1 dye was loaded, we confirmed absence of bleed-through between fluorescence emission channels. Spatial selectivity of cytosolic (fluo-4 AM) and mitochondrial (rhod-2 AM) Ca 2+ dyes was determined by infusion of saponin at the end of an experiment, which selectively abolishes cytosolic Ca 2+ fluorescence (63) . To assay fluorophore internalization, infusion of fluorophore-conjugated agents was followed by vascular infusion of the fluorescence-quenching agent TB. To label endothelial surface proteins (TNFR1 and E-selectin), fluorophore-conjugated antibodies were infused by micropuncture (64) of lung microvessels for 5 minutes followed by buffer wash to remove unbound antibody. Endothelial fluorescence was quantified using MetaMorph software through analyses based on region-of-interest (Ca 2+ and ROS), line scan (antibody fluorescence), and segmentation (leukocyte adhesion) tools.
In vivo transfection
Constructs for human cCAT and mCAT were provided by J.A. Melendez (Albany Medical College, Albany, New York, USA; ref. 65 ) and subcloned into the pBI-CMV bidirectional vector for the fluorescent protein DsRed (Clontech). A plasmid for the ROS probe, roGFP, was provided by S.J. Remington (University of Oregon, Eugene, Oregon, USA; ref. 58) . roGFP contains 2 engineered cysteine residues to generate a redox-sensitive GFP protein that displays decreased emission maxima upon oxidation when excited at 484 nm. For control, mice were transfected with the appropriate empty vector. Custom-designed fluorophore-conjugated (Dy547) siSTABLE (stability-enhanced) siRISP was purchased from Dharmacon. siRISP and scRNA sequences were as follows: sense, Dy547-5′-CGACUUCUCUGACUAUCGUUU-3′; antisense, 5′-ACGAAUAGU-CAGAGAAGUCGUU-3′. For control experiments, we used nontargeting oligonucleotides as follows: sense, Dy547-5′-UAGCCGACUAAACACAUCAAUU-3′; antisense, 5′-GUGAUGUGUUUAGUCGCUAUU-3′.
Stock solutions (2.5 μg/μl) of siRNA and scRNA oligonucleotides or plasmids (2.5 μg/μl) were complexed with freshly extruded unilamellar liposomes (20 μg/μl, 100-nm pore size; DOTAP, Avanti Lipids) in sterile PBS to a final oligonucleotide concentration of 0.5 μg/μl. Mice were given the nucleic acid-liposome mixture as a 100-μl injection by tail vein. Lungs from transfected animals were excised 48 hours later.
Isolation of lung vascular cells
Isolation of lung vascular cells has been described elsewhere (66) . Briefly, the lung vasculature was perfused with 5 ml ice-cold buffer (PBS with 0.1% BSA) to clear blood, then sequentially infused with collagenase (0.5 ml, 1,000 U/ml, 15 minutes), PBS with 5% BSA (5 ml), and buffer (25 ml, 10 minutes), and the mixed effluent was collected. The sample was filtered (100-μm pore filter; BD) and then centrifuged (650 g, 10 min) and pellet washed 3 times by repeated centrifugations in buffer.
Flow cytometry
Lung vascular cells were stained with fluorophore-labeled antibodies (Alexa Fluor 633, Alexa Fluor 488, FITC) under nonpermeabilized conditions to enable surface staining. Flow cytometry (FACScalibur, BD) gating conditions were set against isotype-and fluorophore-matched nonimmune IgGs.
IP and IB
Lungs were homogenized (Tissue Tearor; Biospec Products), and mitochondrial and cytosolic fractions were separated (mitochondrial isolation kit; Pierce). Purity of cell fractionation was determined by reciprocal IB for VDAC in mitochondrial and cytosolic fractions. For cell surface proteins (TNFR1 and E-selectin), whole lungs were homogenized, and membrane fractions were lysed in 2% SDS. For IP, lysates containing 2 mg total protein were precleared with appropriate control IgG for 30 minutes at 4°C with 20 μl prewashed protein A/G and processed as previously described (66) . Equal amounts of protein from lysates were separated by SDS-PAGE, electrotransferred onto nitrocellulose membrane overnight at 4°C, blocked in Starting Block Blocking Buffer (Pierce) for 1 hour, and then subjected to IB.
Mitochondrial assays
All assays were conducted on mitochondria isolated from lung tissue according to previously reported methods (67) .
O2 consumption and ATP production. The mitochondria (50 μg protein) were suspended in respiration buffer (0.5 ml, 32°C; 200 mM sucrose, 25 mM KCl, 2 mM K2HPO4, 5 mM HEPES-KOH at pH 7.2, 5 mM MgCl2, 0.2 mg/ml BSA, 30 μM Ap5A(P 1 ,P 5 -di[adenosine 5′]-pentaphosphate [inhibitor of adenylate kinase], 5 mM glutamate, and 5 mM succinate). The mitochondrial suspension was assayed for O2 concentration by means of a Clark-type electrode (ml/g protein; Oxytherm, Hansatech Instruments). Briefly, after obtaining baseline measurements (state 4 respiration), ADP (100 nM) was added to the suspension to increase mitochondrial O2 consumption (state 3 respiration). ATP concentration was determined by the bioluminescence assay (Abcam) at baseline (ATPpre) and after the ADP-induced increase in O2 consumption had reached a plateau (ATPpost). ATP production rate was determined as (ATPpost -ATPpre)/t, where t is time of state 3 or ADP-phosphorylating respiration.
Membrane potential. Mitochondrial membrane potential was assayed in terms of the mitochondrial uptake of the potential-sensitive dye safranin O, as previously described (68, 69) . Briefly, isolated mitochondria were suspended in respiration buffer containing safranin O (1 μM). Potential-induced uptake of safranin fluorescence in the mitochondrial matrix decreased buffer fluorescence (Hitachi F-7000 FL fluorescence spectrophotometer; excitation 495 nm; emission 585 nm) (Supplemental Figure 6E ). Addition of the mitochondrial depolarizer FCCP (60 nM) abrogated fluorescence uptake.
Statistics
Results are expressed as mean ± SEM. 1-way ANOVA followed by Newman-Keuls post-hoc analyses (MiniTab) was used for comparisons between groups. A P value less than 0.05 was accepted as significant. All group data were obtained from experiments repeated in separate lungs unless otherwise stated.
